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ABSTRACT: The presence of antimony, as a dopant in
the colloidal growth reaction for CuIn1−xGaxS2 (CIGS)
nanocrystals, causes end-to-end fusion of nanorod pairs
into nanodumbbells at high yield. The influence of the
dopant on shape is indirect; antimony catalyzes the
incorporation of gallium, which is found in high
concentration at the junction between the fused nanorods.

Solution routes to semiconductor inorganic nanocrystals
(NCs) have made dramatic advancements in the last two

decades.1 Specifically, synthesis schemes have evolved from
simple binary (two-element) semiconductors to more complex
compound (few-element) semiconductor NCs, which have now
been routinely achieved with excellent control of their size,
shape, and crystal structure.1c,2 The ability to control these
properties at the nanoscale has allowed correlations to be made
between NC structure and their optical, magnetic, and electronic
properties, which has implicated these materials in various
applications ranging from biomarkers to photovoltaics.1,2

Another way to tune such properties while keeping the NC
morphology (size, shape, and crystal structure) constant is by
alloying or doping, incorporating other atoms or ions into host
lattices to yield more complex hybrid materials ranging from
ternary to multicomponent systems.1c,2,3 However, recent
studies showed that the incorporation of dopants into the host
lattices not only altered the composition of the NCs but also
modified NC nucleation and growth rates, ultimately impacting
NC morphology. Here, we report a striking example where two
dopants act synergistically to cause the dimerization of multinary
nanorods (NRs) into nanodumbbells (NDBs).
Recently, multicomponent copper chalcogenide-based com-

pound semiconductor NCs (CuIn1−xGaxS2 (CIGS), CuInS2
(CIS), Cu2SnSe3 (CTSe), Cu− In−Zn−S (CIZS),
Cu2CdZnSnS4 (CCdZTS), Cu2ZnSnS4 (CZTS), etc.) are
attracting considerable attention due to the ability to composi-
tionally tailor their (direct) optical band gaps over a wide range,
their high absorption coefficients, and because they contain
elements with lower toxicity than their cadmium- and lead-based
analogues.4 These materials have already shown great potential
in low-cost photovoltaics, thermoelectrics, and for photo-
catalysis.2b,c,4,5 Controlling the shape of NCs enables new
possibilities for assembly and device integration, motivating the
synthesis of anisotropic morphologies.2a,d−g Yet, despite recent

progress in colloidal synthesis, it has been challenging to prepare
shape-controlled, anisotropic compound semiconductor
NCs.4a,b,5a−d Conventionally, shape control of NCs involves
deliberate selection of long chain aliphatic organic surfactants
with amines, thiols, and carboxylic and phosphonic acid
functional groups that selectively bind to different crystal
facets.1c,2 Dopants (that become incorporated in the NCs) and
foreign atoms/ions (not incorporated) have also been shown to
stabilize or direct specific crystallographic phases and morphol-
ogies of NCs.3a,6 One example of a dopant influencing NC
morphology is the dramatic impact of magnesium on the shape of
ZnO NCs, changing from tetrapods to ultrathin nanowires.6a

Furthermore, the presence of foreign aluminum ions in the
reaction solution enables the formation of copper selenide
nanocubes by manipulating the nucleation and the kinetics of
growth in different crystallographic directions.6b There are
numerous other examples in the literature of the use of dopants
and foreign ions to control the shape of metal (Au, Pt, PtNi, etc.),
metal oxide (ZnO, TiO2, ITO, etc.), and up-conversion (NaYF4,
Y2O3, etc.) NCs.

6 However, no such studies have reported the
influence of dopants on the morphology of copper based
compound semiconductor chalcogenides, perhaps owing to their
complex compositions; we see here that this complexity allows
for unusual cooperative influence of multiple dopants in
combination.
Here, we present the direct observation of a morphological

transformation under the synergistic influence of antimony and
gallium dopants on copper indium disulfide (CIS) NCs.
Antimony was targeted as an interesting dopant since it was
previously found to promote crystal growth during sintering or
selenization in thin films or nanocrystals of multicomponent
copper chalcogenide semiconductors (CIGS and CZTS).2c,4i We
found that the presence of antimony catalyzes the incorporation
of gallium at an earlier stage in the growth process and that
together these dopants cooperatively induce the head-to-head
coupling of NRs to form dimers in the shape of NDBs. NDBs do
not form in the presence of gallium or antimony alone (only
individual copper indium gallium sulfide (CIGS) or Sb-doped
CIS NRs are formed).
CIS NRs were prepared using a hot injection colloidal

synthesis route adapted from previously published methods.5a,b
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To dope CIS NRs with trivalent gallium and antimony,
acetylacetonate and acetate precursors, Ga(acac)3 and Sb(ac)3,
were introduced while keeping all other parameters unchanged.
While gallium doping alone yields CIGS NRs, codoping with
gallium and antimony results in a high-yield of NDBs that are
approximately twice as long as the CIGS NRs and are thinner in
diameter at their midpoint (annular dark-field scanning trans-
mission electron microscopy, ADF-STEM; Figure 1a,b). By

high-resolution transmission electron microscopy (HRTEM;
Figure 1c) the CIGS NRs are found to be defect-free single
crystals as evidenced by the continuous lattice fringes with d-
spacing of 3.18 Å, corresponding to (002) lattice planes of the
hexagonal structure of CIGS.5a The NDBs formed by adding
Sb(ac)3 to the NC reaction solution are also highly crystalline by
HRTEM with similar d-spacing of the lattice planes perpendic-
ular to their long axis (Figures 1d and S1 in the Supporting
Information, SI).
To assess the role of Sb3+ in forming NDBs, we systematically

tuned the amount of Sb3+ ion added while maintaining a fixed
concentration of Ga3+ and all other precursors for the NCs.
Increasing the molar ratio (Sb/In + Ga + Sb) progressively
transforms the NCs from NRs to NDBs (TEM, Figure 2a−c).
NDBs begin to form at a minimum Sb ratio of around 3% (Figure
2b). As the dopant concentration is increased further, most of the
NCs obtained are NDB-shaped with only a few NRs present,
which are around half the length of the NDBs. These NRs and
NDBs were further characterized by powder X-ray diffraction
(XRD; Figure 2d). The XRD patterns of CIGS NCs with varying
Sb concentrations consist of a single set of 2θ peaks
corresponding to the hexagonal wurtzite structure, indicating
that the presence of Sb3+ in the CIGS NCs does not substantially
modify the crystal structure. However, as XRD is not sufficient to
completely rule out the presence of binary and ternary impurities
that may have overlapping diffraction patterns, we further
characterized the materials with Raman spectroscopy. At all Sb
doping levels, the Raman spectra are similar, showing an intense
peak at 291 cm−1 corresponding to the main A1 mode and a
broad peak around 343 cm−1 due to the B2

(3)(L) and E(6)(L)
modes (Figure 2e).7 The absence of other peaks related to
possible impurities (Cu2S, Cu2SbS3, Cu−Au type ordering, etc.)

is clear evidence of the single-phase nature of the CIGS and Sb-
doped CIGS NCs.
Aliquot studies were performed to investigate the process of

NDB formation and to determine the evolution of NC
composition and morphology during synthesis. In our synthetic
method, all the metal precursors are present in the initial reaction
mixture, then thiols (1-dodecanethiol (1-DDT) and tert-
dodecanethiol (t-DDT)) are injected to initiate the crystal-
lization reaction. When Sb is present, the NC shape evolves from
spherical particles to anisotropic NDBs between 3 and 5 min
after injection of thiol (Figure 3a−d). The initial product, formed
within 3 min, consists of spherical NCs with a diameter of 6± 0.5
nm (Figure 3a). Based on XRD (Figure S2a) and energy
dispersive X-ray spectroscopy (EDS) analysis (Figure S3) the
spherical NCs are mixed phases of copper sulfide. Thus,
consistent with previously published reports on CIGS, CTSe,
and CIZS NCs,5b−d,8a our compound semiconductor synthesis
occurs by the initial formation of binarymaterials and subsequent
incorporation of other metal ions.5b−d At longer reaction times,
elongated morphologies (short NRs, Figure 3b) are found, and
the crystal structure is a hexagonal phase (XRD, Figure S2b)
matched to the wurtzite structure of CuInS2 (CIS) with no
indication yet of gallium incorporation (EDS, Figure S3). The
hexagonal phase for these materials is metastable in bulk and has
recently been found in colloidal NCs.3b,c,4a,b,5a−c As growth
proceeds, in the presence of both Ga and Sb, NDBs are formed
(Figure 3c,d) and Ga is incorporated (EDS, Figure S3c,d). At the
same time, the XRD peaks shift to higher 2θ, indicating a lattice
contraction (Figure S2). It is difficult to analyze Sb incorporation
by EDS mapping since the Sb and In L-edge peaks overlap and
the Sb K-edge peak is too weak to produce a meaningful map, so
X-ray photoelectron spectroscopy (XPS) and inductively
coupled plasma atomic emission spectroscopy (ICP-AES,
Table S1) were used to investigate the Sb concentration in
NDBs. All the elements (Cu, In, Ga, Sb, and S) are found to be
present in the oxidation states expected for substitutional mixing
of Ga and Sb on the In sublattice of CIS (Figure S4 and further
discussion in SI).
To this point, the exact role of Sb3+ ions in NDB formation is

not clear, but elemental mapping by EDS gives new insight
(Figure 3e). Although the spatial distribution of Sb cannot be
resolved in detail, averaging over many pixels allowed us to
uncover an enrichment of Sb in the neck region (Figure S8).

Figure 1. (a, b) Annular dark-field STEM (ADF-STEM) images of
CIGS NRs and Sb-doped CIGS NDBs and corresponding HRTEM
images (c,d).

Figure 2. (a−c) TEM images of CIGS NCs (R1, 30 min growth time)
obtained at various molar fraction of dopant present in the reaction flask
and (d) their respective XRD and (e) Raman analysis.
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Furthermore, there is a striking feature seen in the gallium and
indium maps. Evidently, the very center of each dumbbell is
gallium rich and indium poor (e.g., green arrows, additional detail
in SI). Together with the concurrent appearance of NDBs and
lattice-incorporated Ga, this spatial distribution suggests that Ga
incorporation is necessary for the formation of NDBs. To
validate this hypothesis, we purposely synthesized Sb-doped CIS
NCs with no gallium in the reaction. Interestingly, no NDBs
were obtained but only NRs were formed (Figure 4). XPS

analysis confirms that Sb is incorporated in the CIS NRs (Figure
S5), so we conclude that Sb doping is not directly responsible for
inducing NDB formation. Rather, it seems that Sb catalyzes the
incorporation of Ga, which ultimately drives NRs to dimerize as
NDBs.

Not only do synergistic interactions between Ga and Sb
change the NC morphology, they substantially modify the
kinetics of NC growth. For instance, with Ga present and Sb
absent, the initial stage of crystallization is delayed so that copper
sulfide NCs appear after 5 min, while they are already formed at 3
min when Ga and Sb are present (further discussion in SI, Figure
S6). Another striking difference in reaction kinetics is the
reaction time until Ga becomes incorporated into the CIS NRs.
In our Sb-free CIGS synthesis, similar to the results of Ryan and
co-workers,5b Ga incorporation was found 10 min or more after
injection of the thiol. But in the presence of Sb, Ga incorporation
starts already during the first 5 min, which suggests that Sb3+

catalyzes the reactivity of gallium monomers toward precip-
itation at the NC surface. This impact of Sb on the reactivity of
the gallium precursor may prove useful for synthesis of CIGS
NCs. In previous studies of CIGS NCs, gallium incorporation
into CIS required long reaction time or high temperature to
initiate the ion exchange process (rationalized by the hard Lewis
acidity of Ga3+ compared to In3+).5b The resulting long reaction
time required to reach the target composition can have
deleterious effects on the NCs (e.g., broader size distribution,
defects, and secondary growth).5b Hence, the cooperative doping
effect we observed may be a powerful new strategy for tuning NC
composition.
From the experimental results obtained, we hypothesize that

the growth mechanism for NDBs follows the discrete steps
depicted in Figure 5. The reaction begins with the formation of

binary NCs (copper sulfide), which then evolve to ternary CIS
NRs. At this point, catalyzed by the presence of Sb3+, gallium
starts incorporating into the growing CIS NRs. Then, apparently,
these NRs coupled to each other at their gallium-rich ends by an
oriented attachment mechanism. These NDBs incorporate
additional gallium as they grow larger in diameter in the final
stage of growth (Figure 3d). It is possible that a related
synergistic mechanism, rather than any direct effect, underlies the
observation that Sb3+ promotes sintering in multicomponent
copper-based photovoltaic thin films.2c,4i Further evidence for
NR coupling to formNDBs was found byHRTEM andHAADF-
STEM analysis (Figure 6). Defects (stacking faults in Figure 6b
or dislocations in Figure 6e) present in the thin sections of the
NDBs support the mechanism of oriented attachment. Indeed,
similar head-to-head coupling of nanorods of metal chalcoge-
nides (CIZS, ZnSe, CdS) has been previously reported.8a−d

In summary, we describe the cooperative effect of trivalent
dopants, gallium and antimony, on the shape of complex
compound chalcogenide (CIS-based) NCs. One dopant (Sb)
catalyzes the incorporation of the other (Ga), tuning the reaction
kinetics and leading to the formation of Sb-doped CIGS NDBs.

Figure 3. (a−d) TEM images of the NCs obtained at successively higher
reaction times during CIGSNDBs synthesis (Sb = 6%). (e) ADF-STEM
image and STEM-EDS elemental mapping of NDBs.

Figure 4. TEM of (a) undoped and (b) Sb-doped CIS NRs.

Figure 5. Schematic representation of the growth mechanism leading to
NDB formation.
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Figure 6. (a−c) HRTEM and (d,e) HAADF-STEM images of NDBs. In
panel e, green and purple dots represent atomic planes on each side of
the crystal defect region (yellow dots).
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